. Indeed, evolutionary mechanism among prokaryotes. The situathe metabolism of the intestinal parasite Giardia lamblia, tion in eukaryotes is less clear; the human genome sethe most studied diplomonad species, has been dequence failed to give strong support for any recent transscribed to be more similar to the metabolism of anaerofers from prokaryotes to vertebrates, yet a number of bic prokaryotes than to the metabolism of mitochondrial LGTs from prokaryotes to protists (unicellular eukaryeukaryotes and was argued to be an ancestral "primiotes) have been documented. Here, we perform a systive" feature of these protists [12]. However, this attractematic analysis to investigate the impact of LGT on the tive view of the evolutionary history of diplomonads has evolution of diplomonads, a group of anaerobic protists.
Introduction Results

Comparative studies of prokaryotic genome sequences
The Majority of the Putative LGTs Are Present have shown that LGT occurs frequently within and bein Both Diplomonad Species Similarity searches followed by preliminary phylogenetic analyses identified 15 genes among the sequences re- leased from the genome project of the diplomonad G. impossible to infer when these transfers happened; the genes could have been lost in the Spironucleus lineage, lamblia [20] that potentially originated via gene transfer from prokaryotic sources (Table 1 ). These genes were or the genes might be present in the S. barkhanus genome but not conserved enough to be amplified with amplified from genomic DNA with exact match primers, and the PCR products were fully sequenced to confirm degenerate PCR. their sequences. The proteins are functionally very diverse, ranging from proteins involved in translation and Aminoacyl-tRNA Synthetases Two of the aminoacyl-tRNA synthetases, the dual-specimetabolism of small molecules to proteins involved in functions useful for an anaerobic lifestyle (Table 1) . We ficity prolyl-cysteinyl-and the alanyl-tRNA synthetase, of G. lamblia have been shown to have a close relationidentified 12 of these genes in another diplomonad, S. barkhanus, by scanning our ongoing in-house genome ship to archaeal homologs [22, 23] . We only included one of the two distantly related versions of the enzyme sequencing projects and performing degenerate PCR. All of the S. barkhanus genes showed high sequence in our analysis of the prolyl-tRNA synthetase, since it is only possible to align a small fraction of the sites in the similarity to the Giardia genes. Homologous sequences for the 15 genes were retrieved from the public datamolecule between the two versions. The phylogenetic analysis shows three strongly supported groups: a eubases and ongoing genome projects, which produced data sets ranging from 20 to 74 taxa suitable for phylogebacterial group with one plant sequence, an exclusively eukaryotic group, and an archaeal group with two diplonetic analysis, with 179-827 unambiguously aligned amino acid positions (Table S1 ). Protein maximum likelimonad sequences ( Figure 1A ). The presence of these three groups indicates that this version of the enzyme hood phylogenies were inferred by using a mixed fourcategory discrete ⌫-model of among-site rate variation was present in the last common ancestor of the three domains. The Arabidopsis thaliana homolog that is plus invariable sites (Figures 1-5 and S1-S4) . Analyses using a model with uniform rates among sites yielded found within the eubacterial group possibly reflects a transfer event from a eubacterium; an endosymbiotic trees with quite similar topologies (data not shown), indicating that our findings are not due to an overcomgene transfer from the plastid seems slightly less likely since the known cyanobacteria sequences belong to the pensation for multiple substitutions by the ⌫ among-site rate variation model. The two diplomonads formed a large group of distantly related prolyl-tRNA synthetases excluded from our analysis [22] . cluster in all phylogenetic reconstructions, except for pyrG, indicating that at least 11 of the 15 genes were
The position of the two diplomonad sequences as an immediate outgroup to the archaeal cluster indicates present in the last common ancestor of Giardia and Spironucleus (see below and Figures 1-4, 5A , 5B, S3, that the dual-specificity aminoacyl-tRNA synthetase, which is only found in diplomonads and Archaea [22], and S4). These genes most likely were ancestral to diplomonads, since S. barkhanus and G. lamblia represent most likely was introduced into the diplomonad lineage from an archaeon ( Figure 1A ). An alternative intrepretathe two most distantly related clades of diplomonads [21] . Analyses of the codon usage and amino acid comtion of the phylogenetic tree, which also involves an interdomain LGT event, would be that the root of the positions of the pyrG genes and the three genes in which only the Giardia homolog is known (see below and Figtree lies between diplomonads and archaea and that the gene was transferred from a eukaryote to a eubacterium. ures 5C, 5D, S1, and S2) failed to indicate any significant deviation from the other genes that would be indicative This would place the diplomonads at the root of the eukaryotic domain ( Figure 1A ). However, we favor the of very recent introductions of these genes into diplomonad genomes (data not shown). Therefore, it is currently archaea-to-diplomonads gene transfer scenario for two reasons; it is consistent with a single origin of the dual chaeotes, indicative of a transfer from a euryarchaeote to an ancestral diplomonad. specificity of the prolyl-cysteinyl-tRNA synthetase enzyme with no subsequent losses, and it does not require The alanyl-tRNA synthetase phylogeny shows one archaeal/diplomonad group, one eukaryotic group, and that diplomonads are deeply branching eukaryotes, which indeed is questionable [14, [17] [18] [19] . Unfortunately, polyphyletic Eubacteria ( Figure 1B) . Unfortunately, a large number of sequences, including both diplomonad the source of the transfer is not easily identified since the diplomonads form an immediate outgroup to the sequences, were excluded from the initial data set due to significantly deviant amino acid compositions (Table  archaeal cluster. However, this could be an artifact of phylogenetic reconstruction; the diplomonads have the S1). To get an indication of their phylogenetic affinities, the diplomonad sequences were included in a separate longest branches in the archaeal/diplomonad part of the tree and could be artifactually attracted to the long analysis ( Figure 1B) . Four eukaryotic sequences are found outside the major eukaryotic group; one of the internal branch leading to the archaeal/diplomonad cluster ( Figure 1A ) [24] . As a result, the archaeal/diplotwo A. thaliana sequences groups with the two cyanobacteria, likely representing an endosymbiotic gene monad subtree would then be incorrectly rooted, the true root instead lying on the branch leading to the transfer from the plastid to the nucleus, and the two diplomonad and the E. histolytica sequences are found crenarchaeotes in the tree. This position of the root would then place the diplomonads within the euryaras an immediate outgroup to the Archaea ( Figure 1B) .
The diplomonad alanyl-tRNA synthetase may represent quences [27] . Hence, additional events of gene transfer between eukaryotes probably occurred after the first the ancestral eukaryotic version, while the other eukaryotes have a eubacterial version acquired after the split prokaryote-to-eukaryote LGT event.
In the phylogenetic reconstruction of threonine dehybetween diplomonads and the rest of the eukaryotes, as previously suggested [23] . However, that requires dratase, another enzyme involved in amino acid metabolism, the eukaryotes are found in six clusters, four of that the diplomonads are a deeply branching eukaryote group, which is a questionable assumption [14, [17] [18] [19] .
which are separated with a bootstrap support of 66% or higher and statistically separated in pairwise "approxIn addition, both diplomonad sequences and the E. histolytica sequence failed the amino acid composition test imately unbiased" tests (AU tests) [28] ( Figure 2B and Table 1 ). A eukaryotic cluster, consisting of two metaand are long branches, which makes the precise placement of these three eukaryotes in the tree unreliable.
zoan, two fungal, and one plant sequence, is nested within a cluster of ␣-proteobacteria, and this arrangeIndeed, the maximum likelihood distance analysis used to obtain statistical support values for the bipartitions ment is indicative of a transfer from the endosymbiont that gave rise to mitochondria. Interestingly, Drosophila placed the group within the euryarchaeotes with moderate (72%) bootstrap support (data not shown). Thus, it melanogaster and two of the three C. elegans ilvA homologs form a sister group to a Caulobacter crescentus seems plausible that the diplomonads acquired their alanyl-tRNA synthetase via gene transfer from an sequence and are clearly separated from the metazoan/ fungal/plant cluster in pairwise AU tests (p Ͻ 0.005), archaeon.
Given current accounts of eukaryote phylogeny, the indicative of an LGT from ␣-proteobacteria to metazoa ( Figure 2B) . Surprisingly, the two diplomonad segrouping of the E. histolytica sequence within diplomonads in the alanyl-tRNA synthetase tree is surprising; quences form a strongly supported group with the Dictyostelium discoideum sequence to the exclusion of diplomonads and Entamoeba should not be related to the exclusion of the other eukaryotes ( Figure 1B LGT between the two lineages.
Branched Chain Amino Acid Transferase
Deoxyribose-Phosphate Aldolase Deoxyribose-phosphate aldolase catalyzes the reversand Threonine Dehydratase Only small parts of the phylogenetic tree of branched ible aldol reaction of acetaldehyde and D-glyceraldehyde-3-phosphate to form 2-deoxyribose-5-phosphate, chain amino acid transferase, the last enzyme in the metabolic pathways leading to isoleucine, valine, and a reaction in the pentose phosphate pathway. Again, the eukaryotes are divided into multiple groups in phyloleucine, show relationships that are consistent with expected organismal phylogenies, indicating numerous genetic trees (Figure 3 and Table 1 ). The metazoan sequences are found in a paraphyletic cluster with ␣-and transfers of the gene between lineages (Figure 2A) . The largest eukaryotic group, which includes fungal, myce-␤-proteobacterial sequences nested within, indicative of a eukaryote-to-prokaryote LGT event. However, the tozoan, metazoan, and euglenozoan sequences, is a sister group to the Neisseria meningitidis sequence with identification of the donor lineage is not straightforward, due to the uncertainty of the phylogenetic relationship moderate bootstrap support (75%), indicating that this group most probably originated via LGT from a eubacbetween Drosophila, Caenorhabditis, and humans. The metazoa/proteobacteria group forms a strongly supterial lineage, possibly from a ␤-proteobacterium. All plant sequences form a cluster with the single green ported sister group to Streptomyces coelicolor. The formation of this cluster indicates that the metazoa/proteoalgal sequence as an immediate outgroup, and this finding is in agreement with a single origin that is probably bacteria group originated via a transfer from an ancestor of S. coelicolor to the ancestor of the metazoan lineages the result of gene transfer from a eubacterium, followed by vertical inheritance (Figure 2A) . The third eukaryotic ( Figure 3) . As in the cases of alaS and ilvE ( Figures 1B  and 2A) , the diplomonad sequences are found in an cluster includes the two diplomonad sequences together with a red algal sequence and two fungal seunexpected eukaryotic grouping in the deoC tree; the two sequences form a cluster with a fungal sequence quences. The position of this group within the eubacterial group suggests an origin by LGT, although the source and a Trypanosoma sequence (Figure 3) . The group is nested within eubacteria, which is suggestive of a is unclear. Strikingly, the five eukaryotic sequences in the group represent three distantly related eukaryotic prokaryote-to-eukaryote LGT event, followed by transfers within the eukaryotes. However, since it fails to groups; the fungal sequences are expected to branch with the other fungal sequences, and the red algal segroup specifically with any prokaryotic lineage, we cannot exclude the possibility that the group represents the quences should be more closely related to the plant sequences than to the diplomonad and fungal seancestral eukaryotic version. Figures 4  and S4) . the 12 eukaryotic sequences are found in six clusters that all group with different prokaryotic groups with We found two previously undescribed genes coding for class III alcohol dehydrogenases in the G. lamblia strong support (Figure 4) . One of the Giardia homologs forms a strongly supported group with a Fibrobacter genome as well as a homolog from S. barkhanus, and this finding suggests that these enzymes are functionally sequence, while the other three diplomonad sequences form an immediate outgroup to a group of two low G ϩ C important for these organisms. However, no class III alcohol dehydrogenase activity could be detected in the Gram-positive bacteria and the archaeon Thermococ- prising since the mitochondrion, which is likely ancestral to all studied eukaryotes [34, 35], shows a specific relaThus, the eukaryotic sequences were probably introduced from prokaryotes into the Entamoeba and diplotionship with a subgroup of the ␣-proteobacteria [36]; this relationship indicates that the prokaryotic diversity monad lineages after each of these diverged from the rest of the eukaryotes ( Figure 5B) . was large at the time of the last common eukaryotic ancestor. Anaerobic metabolism, for example, was most It was only recently established that the flavohemoglobins, a class of hemoglobins, function in response likely already present in diverse lineages of prokaryotes when the lineage leading to diplomonads adapted to an to nitric oxide and nitrosative stress under both aerobic and anaerobic conditions [33] . Strikingly, the six eukaryanaerobic lifestyle (see the Discussion below). Therefore, even in the absence of phylogenetic analyses, it otic sequences are divided into five groups in the phylogenetic tree, all of which are separated by strong bootis plausible to assume that genes were transferred in the direction to eukaryotes. Our phylogenetic analyses strap support or pairwise AU tests ( Figure 5C and Table  1 LGTs are significant evolutionary mechanisms in diploent lineage. Unfortunately, we were unable to identify monads. However, the relative importance of these prothe sources of most of the diplomonad genes by using cesses in diplomonad genome evolution compared to this rationale, partly due to the lack of statistical support other mechanisms is not yet well understood. We sefor the position of the diplomonad sequences within the lected for interdomain LGTs in our initial search, but we phylogenetic tree. However, a more serious problem for certainly did not detect all transfers (see the Experimenthe detection of the source is that most of the phylogetal Procedures for details). (Table  otic groups show any specific affinity to ␣-proteobacteria or cyanobacteria, the ancestors of mitochondria and 1). Acetyl-CoA synthetase and alcohol dehydrogenase E are fermentation enzymes in Giardia [29, 38] , and the cyanobacteria, respectively. Furthermore, endosymbiotic gene transfer could only explain two clades of eukaryclass III alcohol dehydrogenase might also be involved in anaerobic metabolism [29] . In addition, the hybridotes arising within eubacteria, one with a mitochondrial origin and one with a chloroplast origin, in addition to cluster protein is expressed under anaerobic conditions [30] , and the flavoprotein has been suggested to be an ancestral eukaryotic "nucleocytoplasmic" lineage. Another plausible explanation for the polyphyly of euinvolved in oxidative stress response [32] . Both of these enzymes, the flavohemoglobin and the hypothetical prokaryotes is that their last common ancestor possessed multiple copies of the gene that was differentially lost tein, are mostly found in anaerobic organisms, indicating that they likely encode functions for an anaerobic lifein the various lineages. However, in the absence of LGT, such an "ancient paralogy" scenario is expected to restyle in anaerobic protists ( Figure 5) . Most of these putatively anaerobic genes are present in both diplomonads, sult in "mirror" organismal phylogenetic trees for the different copies, which we did not observe. Instead, whose sequences group together in phylogenetic analyses, suggesting that the common ancestor of S. barkhathe eukaryotic sequences often show affinity to specific prokaryote sequences. In such cases, "ancient paralnus and G. lamblia had already adapted to an anaerobic lifestyle.
ogy netic trees. This is best explained by the following example. Imagine two ancient interdomain gene transfer Firstly, our data do not support the hypothesis that the anaerobic metabolism is an ancestral "primitive" feature events from closely related proteobacteria to eukaryotes, followed by prokaryote-to-prokaryote transfers in in diplomonads [12] . Similarly, our data on fermentation enzymes are inconsistent with the "hydrogen hypothewhich the genes in the proteobacterial donor lineages are replaced by homologs from more distantly related sis" for eukaryogenesis in its original form, which predicted the enzymes for both aerobic and anaerobic lineages. In such a case, the proteobacterial "donor lineages" will be nested within a "prokaryotic" cluster in eukaryotic energy metabolism to be of a single eubacterial source, the ␣-proteobacterial progenitor of mitothe phylogenetic reconstruction, and the two eukaryotic sequences will group together, despite the fact that two chondria and hydrogenosomes [ 1B and 2) . In the clusters in many of the phylogenetic trees of the gene absence of any obvious phylogenetic artifacts, a plausifamilies that we have examined (Table 1) , and this finding ble explanation for these groupings is that the genes is indicative of frequent transfer events between prohave been exchanged between the eukaryotic lineages. karyotes and eukaryotes in addition to the events we It was recently argued that a part of the enolase gene have discussed from prokaryotes to diplomonads. The may have been transferred between two distantly reapproach we used explicitly selected for proteins that lated eukaryotic lineages [42] . However, to our knowlwere transferred from prokaryotes to diplomonads, but edge, these are the first well-documented cases of it did not select for proteins for which multiple transfer transfer of entire protein coding genes between eukaryevents affecting eukaryotes had occurred. Therefore, it otes independent of secondary endosymbiotic events is remarkable that the Entamoeba genes seem to have These findings have important implications for "fusion" or "chimaeric" theories for the origins of eukary-
